Introduction
Block copolymer (BCP) self-assembly is a particularly promising route to fabricate functional nanomaterials over macroscopically large areas. [1] For many applications, long-range order on the millimeter length scale is required, e.g., for 1D and 2D nanolithographic templates, [2] [3] [4] and 3D optical metamaterials. [5] [6] [7] Producing BCP films with such high degrees of order requires an annealing When using diblock copolymers, the double gyroid morphology forms only in a relatively small range of the copolymer's composition, which makes the control of grain coarsening difficult because of the sensitivity with respect to undesired morphological transitions. This hinders efforts to improve the long-range order in the only 3D interconnected diblock copolymer morphology, i.e., the double gyroid. She et al. demonstrated the controlled ordering of the double gyroid morphology in diblock copolymer thin films upon annealing in a neutral solvent and employing a functionalized substrate. [21] Similarly, Wu et al. explored the effect of swollen thickness and solvent removal rate on the resulting morphology of solvent-annealed gyroid-forming diblock copolymers. [22] Both publications report, however, morphological transitions to the cylinder phase, despite the use of a supposedly neutral solvent. Coexisting spherical and gyroid morphologies were also observed, further demonstrating the difficulty of retaining the gyroid phase in diblock copolymer swollen melts during SVA, impeding the improvement of longrange order in this system. [18] It is well known that triblock terpolymers form 3D interconnected morphologies for much wider block-composition ranges than diblock copolymers. [23, 24] For example, the double gyroid (Q 230 ) in bulk polyisoprene-b-polystyrene (PI-b-PS) diblock copolymers forms for 0.36 < f PI < 0.39 and 0.65 < f PI < 0.69, [25, 26] while its core-shell counterpart (also Q 230 ) in bulk polyisoprene-b-polystyrene-b-poly(ethylene oxide) (ISO) triblock terpolymers forms for f PI /f PS = 1.38, 0.14 < f PEO < 0.20, and f PI /f PS = 1.27, 0.11 < f PEO < 0.20. [24, 27, 28] The alternating gyroid (Q 214 ) in bulk ISO terpolymers shows a similarly large composition range: f PI /f PS = 0.64, 0.14 < f PEO < 0.18 and f PI /f PS = 0.45, 0.17 < f PEO < 0.29. [24, 27, 28] For functionalities that benefit from ordered gyroid phases, it is therefore advantageous to induce long-range lateral order by means of SVA in triblock terpolymers rather than diblock copolymers. In this system, it should be possible to maintain the chosen gyroid morphology during solvent uptake even for changes in the volume fractions of the three blocks caused by solvent selectivity. The study of morphological evolution of linear triblock copolymers (ABA) and terpolymers (ABC) during SVA has, by comparison, received relatively little attention, and SVA of gyroid-forming triblock copolymers or terpolymers has only very recently been investigated at all. Previous studies on ABA triblock copolymers focused instead on the morphological transitions resulting from the exposure to selective and neutral solvents, [29] the improvement in symmetry and long-range order of the cylindrical and lamellar microphase-separated morphologies, [29] and the effect of the solvent evaporation rate on the orientation of cylindrical domains. [30] [31] [32] Early studies on ABC triblock terpolymer films investigated the effect of solvent, [33] solvent removal rate, [33, 34] and annealing time [35] upon morphology and domain orientation. Only recently, Antoine et al. studied ex situ the SVA of a core-shell double gyroid-forming ABC triblock terpolymer, and Aissou et al. the SVA of an alternating gyroid-forming ABC triblock, demonstrating reorientation and morphological transitions in thin (sub-200 nm) films. [36, 37] In this work, we used grazing-incidence small-angle X-ray scattering (GISAXS) to study the kinetics and thermodynamics of a linear, alternating gyroid-forming ISO triblock terpolymer during SVA. GISAXS is the most direct means to study block copolymer morphologies in situ during SVA, allowing the simultaneous characterization of both in-and out-of-plane electron density correlations over macroscopically large areas in real time. [12, [17] [18] [19] [20] [38] [39] [40] [41] [42] We annealed ISO terpolymer films in the mixed vapors of tetrahydrofuran (THF) and methanol of various compositions, and identified the degree of in-and outof-plane order of the resulting gyroid morphology upon varying the maximum solvent concentration and solvent removal rate.
Results
To study the kinetics and thermodynamics of the ISO triblock terpolymer during SVA, thin films of the terpolymer were exposed to controlled solvent vapor atmospheres while the resulting film thickness and GISAXS scattering patterns were recorded at regular intervals. SVA regimes were identified by tracking the GISAXS scattering patterns and the associated peak metrics (i.e., the position and width) as a function of swelling ratio. The presence and behavior of peaks reveal the effect of the solvent on the film. After swelling the films to a maximum swelling ratio, they were quenched in a nitrogen flow at a well defined quench rate, and the resulting microphase-separated morphology and degree of order in the resulting dried films were investigated. Finally, the effect of the solvent vapor composition-and therefore the varying selectivity of the solvents for the individual blocks of the terpolymer-was similarly studied.
All studied solvent-annealed films exhibited the alternating gyroid microphase-separated morphology. This morphology was assigned based on 2D indexing of the GISAXS scattering patterns (Figure 1) . Figure 1a shows the successfully indexed GISAXS scattering pattern of an ISO film swollen with the mixed vapors THF and methanol (flow rate ratio 80:20). The indexed peaks are labeled in Figure 1b . The peaks observed in the scattering pattern, which is typical for all patterns observed in this study, clearly agree excellently with the expected peaks of the I4 1 32 (single gyroid; Q 214 ) space group, indicative of the alternating gyroid morphology. The [110] direction was oriented perpendicular to the substrate in all studied films. The unit cell parameters (a = b = 35.8 nm, c = 34.9 nm, and γ = 89°) reveal a slight (sub-nanometer) deviation from the gyroid cubic symmetry in the out-of-plane [110] direction; the unit cell parameters, but not the morphology, can vary substantially as a function of SVA parameters (see below). Figure 1c shows a representative atomic force microscopy (AFM) image of an ISO film after annealing in the mixed vapors of THF and methanol (80:20) and subsequent quenching according to the protocol applied to the film shown in Figure 3d . The film surface features a regular dot array that corresponds well to the (110) surface plane of a body-centered cubic (BCC) lattice with a lateral unit cell size a = 34.5 nm, as determined by the fast Fourier transform (FFT) of the image. This plane is both qualitatively and quantitatively consistent with the indexed single gyroid morphology. The alternating gyroid morphology of the ISO terpolymer, consisting of two enantiomorphic single gyroid networks of PI (f PI = 0.31) and polyethylene oxide (PEO) (f PEO = 0.17), is shown in Figure 1d. 
Solvent Vapor Annealing Regimes
Different SVA morphological regimes were identified in the ISO films by observing changes in the scattering patterns as a function of the swelling ratio ϕ, i.e., the ratio of the swollen to dried film thickness (see the Experimental Section). Figure 2 shows the eight regimes identified during the swelling and deswelling of an ISO film in the mixed vapors of THF and methanol (80:20). As readily determined by homopolymer dissolution experiments, THF is a good solvent for PS, PI, and PEO; methanol is a good solvent only for PEO (better than THF) and a poor solvent for PS and PI. A THF-rich mixture of the two solvent vapors, as used here, is therefore anticipated to be a good solvent for all ISO blocks. More specifically, Figure 2 shows the GISAXS scattering patterns (Figure 2a (cf. Figure 1) . The scattering peak metrics show the variation of the position of the [110] peak q y 0.026 [110] ≈ Å −1 ( Figure 2d ) and width q y ∆ (Figure 2e ) during swelling and deswelling in the ordered regimes, calculated from the GISAXS line integrals. The eight SVA regimes and their corresponding onset swelling ratios [43] are identified as follows:
i) As-Spun: After spin-coating and before application of solvent vapor (ϕ = 1.00), the GISAXS scattering pattern exhibits significant intensity along the entirety of the "diffuse DebyeScherrer ring" (DDSR) spanning the q y q z plane at q y ≈ ±0.025 and q z ≈ 0.04 Å −1 . [41] This high intensity DDSR includes contributions from both the "reflected" and "transmitted" beams and appears as a broad single peak in the line integral surface (cf. Figure 1) . [44] The significant presence of a DSSR is indicative of a poorly ordered isotropic microphase-separated morphology. ii) Plasticization: As the solvent concentration in the film increases (ϕ ≈ 1.10), the GISAXS pattern begins to change. ∆ , respectively, with increasing solvent concentration. The disappearance of the DDSR and the increased intensity of the Bragg reflections indicate that the copolymer has assembled into a well-ordered morphology that is consistent with the alternating gyroid (cf. Figure 1) . The increase in q y [110] with swelling ratio and the reduction in q y [110] ∆ indicate a slight decrease in the gyroid lateral unit cell size with increasing long-range order. q z is plotted as a function of swelling ratio (cf. Figure 1 ). The logarithmic color scales were normalized to the maximum and minimum intensities of each complete set of line integrals. d) Peak position [110] q y and e) width [110] q y ∆ (full width at half maximum) of the peak at q y ≈ 0.026 Å −1 (P 2 ) during swelling (red) and deswelling (blue). The peak metrics were calculated from the GISAXS line integrals. The solid lines are guides to the eye.
www.small-journal.com least part of the film, evident when probed over large in-plane areas. The loss of distinct out-of-plane peaks into Bragg rods indicates, on the other hand, a loss of the periodic morphology spanning across the entire thickness of the film, which may arise from interfacial disorder, as discussed below. vi) Disorder: Approaching the highest explored solvent concentration of ϕ ≈ 1.74, the diffuse Bragg rods disappear and only a very faint DDSR is visible in the GISAXS patterns, reducing the line integral surface to zero. The disappearance of the Bragg rods indicates the absence of a microphase-separated morphology, i.e., disorder, and the occurence of a transition to a disordered phase similar to the lyotropic order-disorder transitions observed in block copolymers in (selective) solvents. [45] vii) Reordering: As the solvent concentration is decreased (ϕ ≈ 1.57), the diffuse Bragg rods at q y ≈ ±0.023 and q y ≈ ±0.026 Å −1 begin to reappear in the GISAXS pattern and the deswelling line integral surface. The peak P q ỹ
2
[110] reduces in its q y value on a trajectory similar to that during swelling and broadens slightly. The reappearance of the Bragg rods indicates that the terpolymer has begun to self-assemble towards its equilibrium microphase-separated morphology. The peak metrics indicate that the lateral unit cell is slightly increased and the degree of order is lower compared to regime vi. viii) Vitrification: As the solvent concentration is further decreased (ϕ ≈ 1.29), the diffuse Bragg rods increase in intensity and the P q ỹ
[110] peak remains at a stationary q y value and peak width. The GISAXS pattern, deswelling line integral surface, and peak metrics do not change any further as remaining solvent is removed. The stability of the peak metrics indicates the vitrification of at least one of the copolymer domains (almost certainly the PS), immobilizing the entire terpolymer morphology. For high T g polymers, vitrification typically sets in at substantial swelling ratios.
Effect of the Maximum Swelling Ratio and Solvent Removal Rate
Having identified the various regimes observed during SVA of ISO films, the SVA parameter space was explored with the aim of maintaining the highly ordered state of the swollen microphase-separated morphology (i.e., regime iv in Figure 1a ) in the dried film. To this end, the coupled effect of quenching the film from either the disordered regime (close to disorder) or the ordered regime (determined by the maximum swelling ratio), and the rate of solvent removal, were investigated. 
Maximum Swelling Ratio
Three different maximum swelling ratios were chosen. The two films marked in blue in Figure 3a were swollen to ϕ max ≈ 1.6 and 2.0, closely below and well above the order-disorder transition, respectively, as confirmed by the GISAXS patterns of the maximally swollen films in Figure 3b ,c. Only the film swollen to ϕ max ≈ 2.0 lacks any GISAXS scattering peaks, while the film swollen to ϕ max ≈ 1.6 is found to exhibit distinct peaks in q y but broad peaks in the q z direction, as described above (regime v). Two further films, marked by red lines in Figure 3a , were brought into the ordered regime [46] (i.e., regime iv) by slowly swelling to ϕ max ≈ 1.3, as confirmed by the appearance of distinct, pronounced peaks in both q y and q z in the GISAXS patterns of the swollen state in Figure 3d ,e.
A comparison of Figures 3b-e shows that it is beneficial to quench from the well-ordered swollen state at ϕ max ≈ 1.3 compared to a higher swelling ratio. While all quenched films exhibit in-plane order with comparable peak-widths, only the samples quenched from ϕ max ≈ 1.3 exhibit the full range of q y and q z peaks that can be confidently assigned to the alternating gyroid morphology based on indexing the corresponding GISAXS patterns (not shown; cf. Figure 1) .
The line integral surfaces in Figure S1 (Supporting Information) and the corresponding quantitative analysis of the peak metrics in Figure S2 (Supporting Information) give further insight into quenching from differing ϕ max values. Focusing on the deswelling of the four samples, clear differences between the ϕ max > 1.3 and ϕ max ≈ 1.3 samples emerge. For the former, an evolution in q y [110] peak position and q y
∆ width is observed when quenching from ϕ max to ϕ ≈ 1.3. In all samples the q y [110] peak position does not change upon quenching below ϕ ≈ 1.3 and the peak width increases only slightly. This indicates that two separate relaxation processes are active within the drying films and that the order that is present in the film for ϕ ≈ 1.3 determines the order in the dry film. It appears that in the films quenched from ϕ max > 1.3, the sample did not have sufficient time to reorder, and their poor q z order (Bragg rods rather than distinct reflections) is preserved in the dry films.
A quantitative analysis of the peak metrics (Table 1 and Figure S2 , Supporting Information) shows that films quenched from ϕ max > 1.3 lie at slightly higher q y values compared to those quenched from ϕ max ≈ 1.3, and they are somewhat narrower.
Solvent Removal Rate
Since slow quenching from high ϕ values is very time consuming, only two representative samples were explored. The similarity of the GISAXS patterns of the dried films in Figure 3b ,c indicates that the solvent removal rate does not significantly affect the structure in the films that were quenched from ϕ max > 1.3. The two samples quenched from ϕ max ≈ 1.3, on the other hand, maintain the distinct peak structure along the q z direction (Figures 3d,e) . This indicates that ϕ max is the dominant parameter, with the quench rate having only a minor influence on the organization of the microphase-separated morphology. This is borne out by the scattering peak parameters (Table 1 and Figures S2, Supporting Information), which are quantitatively similar for the samples quenched from ϕ max ≈ 1.3 and ϕ max > 1.3, respectively.
Lattice Distortion upon Vitrification
Quenching a swollen film from the ordered regime maintains the alternating gyroid with a relatively high degree of in-plane order, as indicated by the results shown in Figure 3 (see above). However, a closer examination of the 3D structures reveals that the gyroid exhibits a significant distortion in the dried film. The corresponding changes of the 3D cubic lattice of the alternating gyroid upon drying were determined by indexing GISAXS patterns of swollen and dried ISO films (see the Experimental Section, cf. Note that similar effects were observed for ISO films annealed in varying compositions of mixed THF and methanol vapors (e.g., the effects of solvent vapor composition, see below).
Effect of Solvent Vapor Composition
In addition to the maximum swelling ratio and quench rate, the selectivity of the microphase-separated domains to the solvent vapor (or mixture of solvent vapors) is a further crucial SVA parameter which may affect the microphase-separated morphology, its long-range order, and effects related to vitrification of the polymer film. The SVA experiments presented above mainly used mixed solvent vapors of THF and methanol (80:20). The three PS, PI, and PEO microphase-separated domains are likely to exhibit different selectivities to the more polar methanol or the more apolar THF, which may lead to morphological transitions in the ISO terpolymer film. The effects of annealing in solvent vapors of different compositions on the swollen and dried microphase-separated morphologies were therefore investigated in Figures 5-7 . Figure 5 shows the GISAXS patterns of swollen (top row) and dried (bottom row) ISO films annealed in varying compositions of mixed THF and methanol vapors. The corresponding Small 2018, 1802401 Figure 3 . Effect of maximum swelling ratio and solvent removal rate on the dried film morphology. Film thickness profiles and GISAXS patterns of swollen and dried films subjected to different solvent removal (quench) rates after swelling to different maximal swelling ratios ϕ max . All films were annealed in mixed vapors of THF and methanol (80:20). a) Film thickness (swelling ratio) profiles of four films subjected to SVA. Two films were quenched from ϕ max > 1.3 (blue lines) with maximal quench rates of 4.59 and 1.07 nm s −1 , respectively. Two further films were quenched from ϕ max ≈ 1.3 (red lines) with maximal solvent removal rates of 1.69 and 0.21 nm s −1 , respectively. The horizontal dashed lines correspond to the onset swelling ratios of SVA regimes found in Figure 2 . b-e) GISAXS patterns (α i = 0.18°) of the swollen (top row) and dried (bottom row) films for the four cases. The logarithmic color scales were normalized to the maximum and minimum intensities of each pattern.
swelling and deswelling line integral surfaces are shown in Figure S4 (Supporting Information). All four swollen films have very similar GISAXS patterns with distinct peaks both in q y and q z in the swollen state. Upon drying, this pattern is retained in the films annealed in mixed solvent vapors of THF and methanol, but not in the film annealed in pure THF, where the peaks in q z direction broadened significantly in the dried film. This deterioration of out-of-plane order probably arises from a swelling ratio much closer to the order-disorder transition (ϕ max ≈ 1.54, regime v), compared to the other samples (maximum swelling ratio ϕ max ≈ 1.23-1.37, Table 2 ).
The lowest swelling ratio (ϕ iii ) at which the peak at q y ≈ 0.026 Å −1 (P q ỹ ; cf. Figure 2c ) associated with the "ordering" regime (iii) appears for each of the samples in Figure 5 is given in Table 2 . When comparing samples that were swollen with ϕ max sufficiently close to ϕ iii , it is clear that the effect of the solvent mixing ratio is relatively small.
A careful analysis of the in-plane scattering peak metrics shown in Figure 6 , however, reveals the detailed effects of the solvent mixing ratio on the ISO microphase-separated morphology. Considering Figure 6b , it is clear that the P q ỹ 2 [110] peak position decreases with increasing methanol content. But since the order-disorder transition (and hence the boundaries of the regimes described above) also vary with methanol content, it is difficult to disentangle thermodynamic and kinetic effects. It is therefore instructive to also consider the peak positions during swelling (Figure 6a ). With increasing methanol content, the peak position q y
[110] becomes increasingly sensitive to the swelling ratio (i.e., the slope q y d /d [110] ϕ increases with increasing methanol content).
During swelling, the associated peak widths at q y ≈ 0.026 Å −1 (i.e., q y
[110] ∆ ) follow a similar trend and narrow increasingly rapidly with increasing methanol content (Figure 6c) , with the lowest absolute values for pure THF. This trend is much less evident in the deswelling curves of Figure 6d . Note that unlike the maximum swelling ratio, the maximum swell rate and quench rate of each of the films do not vary monotonically with the proportion of THF in the mixture of solvent vapors ( Table 2 ).
The characteristics of the 3D lattice of the alternating gyroid in ISO films annealed in varying compositions of mixed THF and methanol vapors were determined by indexing of the GISAXS images in Figure 5 (cf. Figure 4) . Figure 7 compares the drying-induced changes of the unit cell parameters of ISO films annealed in THF and three THF and methanol mixtures. In the swollen state, the unit cells are approximately cubic with an increasing deviation from an ideal cubic structure with increasing maximum swelling ratio (increasing methanol content) (Figure 7a,b) . The smallest observed deviation from an ideal cubic unit cell (about 2%) is seen for a symmetric composition of THF and methanol (Figure 7c ). In the dried films the cubic unit cells are, however, significantly distorted for all THF and methanol mixing ratios (Figure 7a ,b), again with the smallest effect (a/c ≈ 0.91, Figure 7c ) for the smallest maximum swelling ratio (the highest methanol content, THF:MeOH (50:50)). The distortion of the cubic lattice upon drying is schematically shown in Figure 4c . Note that such an out-of-plane distortion of the alternating gyroid is also observed in thermally annealed films, but to a much smaller extent (a/c ≈ 0.96, γ = 94° after annealing at 160 °C and subsequent quenching; Figure S3 , Supporting Information).
Discussion
As in any annealing procedure, structure evolution by selfassembly is determined by the interplay of thermodynamic
Small 2018, 1802401 q y ≈ Å −1 peak (P 2 ) and their widths [110] q y ∆ during a,c) swelling and b,d) deswelling of ISO thin films annealed in THF and three THF and methanol mixtures. The peak metrics were calculated from the corresponding GISAXS line integrals.
parameters (the path through phase space) and the kinetics of parameter evolution. In the case of SVA, this is further complicated by the varying overall volume: the solvent from the vapor phase is itself part of the thermodynamic system and influences the kinetics determined by the experimental protocol. The present study aims to improve our understanding of this complex system in the context of network-forming triblock terpolymers.
The as-spun film initially exhibits a kinetically trapped isotropic microphase-separated morphology with only short-range order. [30] Upon plasticization due to solvent uptake, the film self-assembles towards its (solvated) equilibrium microphaseseparated morphology (cf. Figure 2a) . The ISO employed in this study, with its relative block lengths (see the Experimental Section) and the relative strength of the three Flory-Huggins interaction parameters (χ IO > χ IS ≈ χ SO ), forms an alternating gyroid in both thermally annealed bulk samples [27] and the solvent-annealed films studied here (Figure 1a-c) . In the ISO alternating gyroid, the PI and PEO blocks form the two interpenetrating single gyroid networks separated by the continuous matrix of the PS block (Figure 1d ). Since the PS matrix is glassy at room temperature-while PI and PEO both are well above their respective glass transition temperatures-ISO plasticization is governed by the solvent uptake of PS. As the solvent concentration in the film increases, the degree of order of the alternating gyroid morphology improves, both in-and out-of-plane. Using the Scherrer equation, [47] i.e., d K q y 2 / [110] π ∆ = × ∆ , where K ≈ 0.93, the lateral grain size is Δd ≈ 0.63 µm upon ordering, improving to Δd ≈ 2.40 µm before disordering. [48] At the same time, the gyroid lateral unit cell size (i.e., d q y 2 2 /
[110] π = × ) decreases as the swelling ratio is increased, from 34.8 nm upon ordering to a minimum of 31.8 nm just below the order-disorder transition. This decrease in lateral unit cell size points to a solvent-mediated reduction in the three Flory-Huggins interaction parameters at high swelling ratios, and therefore a reduction in the net segregation strength of the terpolymer. Note that the simultaneous swelling of the film with a reduction in unit cell size implies a substantial reorganization of the gyroid morphology, since the number of gyroid lattice unit cells has to significantly increase to reconcile a simultaneous increase in film thickness with a (small) reduction in the lattice constants. Figure 8a ,b schematically shows this structural reorganization, which is similar to the swelling (and deswelling) of cylindrical [12] and lamellar [40, 49] morphologies.
As the solvent concentration is further increased, order in the alternating gyroid morphology begins to deteriorate in the outof-plane direction while it continues to improve in the plane. Since there is very little change in the q y [110] signal, part of the film remains an ordered gyroid. At the same time, another part of the film, most likely layers at one or both film surfaces, loses the gyroid morphology and transforms to either i) a disordered morphology, ii) an ordered morphology that is not periodic in 3D (e.g., lamellae), or iii) into a mixed state. Morphological surface reorganization upon approaching the order-disorder transition is not surprising, since with the three Flory-Huggins interaction parameters continuing to decrease, surface interactions become increasingly important.
Upon deswelling from disorder, the alternating gyroid morphology reappears and the lateral unit cell size once again increases until the onset of vitrification at a unit cell size of 34.1 nm. Although significantly improved compared to the asspun film, the dry film has a lower degree of order compared to the swollen film, both in-and out-of-plane (cf. Figure 2e) , with a lateral grain size in the dried film of ≈1.08 µm. This much lower degree of order arises again from the substantial morphological reorganization imposed on the terpolymer morphology. The drying of the film causes a simultaneous volume reduction and increase in the three Flory-Huggins parameters requiring a significant reduction in number of gyroid unit cells in the out-of-plane direction. However, the increase in film viscosity with decreasing solvent content slows down the reorganization of the gyroid lattice and suppresses it entirely once the PS matrix is vitrified. This slowing-down and freezing-in of the continuously reorganizing microphase-separated morphology results in the observed decreased order within the vitrified film.
The kinetics of the structural reorganization is seen in the GISAXS line integral plots of Figure 2c . During swelling, both the peak position q y [110] and width q y parameters a) a and c, b) γ, and c) the ratio a/c of the ISO films annealed in THF and three THF and methanol mixtures in the swollen and dried films as a function of the maximum swelling ratio ϕ max . The lattice parameters were determined by indexing the 2D GISAXS images shown in Figure 5 and as demonstrated in Figure 4 .
is sufficiently mobile to allow the continuous reorganization of the microphase-separated morphology upon change in swelling ratio, while for ϕ < 1.3 the microphase-separated morphology is essentially immobile (cf. Figure 8) . As a consequence, the gyroid morphology freezes in before the film is completely dried. This discrepancy between the kinetics of structural reorganization and drying creates a problem. As the film thickness continues to decrease during the drying process, the alreadyvitrified gyroid morphology (ϕ < 1.3) begins to distort in the out-of-plane direction as illustrated in Figure 8c . This results in a significant out-of-plane distortion (≈10%) of the cubic lattice of the alternating gyroid in dried films as shown in Figure 4 . A drying-induced lattice distortion was observed previously in solvent annealed diblock copolymer films exhibiting double gyroid, spherical, cylindrical, or lamellar morphologies. [18] Upon significant vertical shrinkage, spherical morphologies were found to undergo a transition from a body-centered cubic to a face-centered orthorhombic lattice. [17, 50] In this context, it is instructive to revisit two different quenching conditions. A rapid quench from a swollen film with ϕ max ≫ 1.3 preserves the high degree of in-plane order and the smaller lateral unit-cell size of the swollen gyroid (i.e., kinetically arresting morphological reorganization during deswelling). Unfortunately, the small degree of out-ofplane order is also preserved. On the other hand, annealing the sample at ϕ ≈ 1.3 allows the system to attain a reasonable in-and out-of-plane order, which changes only little upon quenching. A variation of the quench rate does not seem to play an important role, neither for quenching from ϕ > 1.3 nor from ϕ ≈ 1.3. A very slow quench from ϕ ≈ 1.3, however, improves the order somewhat.
Clearly, these two cases illustrate a compromise when designing SVA protocols for gyroid terpolymer films with the aim of achieving long-range order both in and out-of the plane of the film. High swelling ratios are required for optimal in-plane order but this comes at the expense of potentially poorer out-of-plane order, i.e., the film does not have the same microphase-separated morphology across its entire thickness. Equilibrating the films at a "sweet-spot" swelling ratio (here ϕ ≈ 1.3), on the other hand, enables good out-of-plane order but at the expense of the in-plane order of the microphase-separated morphology (cf. Figure 3 and Table 1 ). For perpendicular lamellae or perpendicular cylinders, where only the in-plane order is relevant, annealing close to the order-disorder transition is found to optimize the degree of ordering. [11, 51] Varying the ratio of the THF and methanol in the solvent vapor mixture adds a further degree of freedom to the experimental parameter space. Given the strong selectivity of methanol for PEO, the insensitivity of the results of Figure 5 is surprising. Selective swelling of one of the domains often leads to morphological transitions, as found for example in diblock copolymers. [18, 20] The lack of such a transition in the ISO triblock terpolymer system arises from the relatively large composition window in the ISO phase diagram for which the alternating gyroid morphology is reported. This is in sharp contrast to the narrow double gyroid region in the phase diagram of diblock copolymers. [23, 52] Clearly, the molecular composition of the ISO used in this study places its equilibrium morphology firmly within alternating gyroid phase space, as indeed intended (see the Experimental Section). [53] Since the swelling of the ISO film is governed by the PS matrix phase, the main effect of the THF and methanol ratio lies in the maximum swelling ratio attainable for a given flow rate of solvent vapor and temperatures of sample and solvent, which decreases markedly with increasing methanol content. This has a strong effect on the swollen ISO unit cell size. Since the unit cell size is typically frozen-in during the quench (see above), as shown previously in cylindrical BCP thin films, [12] the main effect of the solvent composition lies in the final gyroid lattice constant. The in-plane order, as measured through the peak width q y
∆ , is affected very little by the THF and methanol ratio.
Conclusion
This study investigates in detail the phase behavior of a gyroidforming ISO triblock terpolymer upon swelling and quenching from a THF and methanol solvent vapor atmosphere. The system can be described in eight morphological swelling and deswelling regimes that straddle the dry film and a mixed ISO "solution" film. Attempts to equilibrate the ISO morphology in the swollen state and preserve its order in the quenched film are fundamentally limited by the thermodynamic requirement of the polymer to readjust its microphase-separated morphology with the swelling ratio. Within the 3D network morphology, this requires diffusive transport of the chains, which becomes increasingly difficult (from both a thermodynamic and kinetic point of view) as the sample is quenched.
Two scenarios were found, which present the experimenter with a conundrum. Quenching from a highly swollen state (either ordered or disordered) results in a high degree of lateral (in-plane) order, but the film is not ordered across its entire thickness. Quenching from a less swollen microphaseseparated state, exhibiting order both in-and out-of-plane across the entire film, allows to retain the microphase-separated morphology with 3D order in the dried film, but at expense of a high degree of in-plane order. The dominant control parameter for this is the maximum swelling ratio, with the swelling and quench rates modifying the microphase-separated morphology only very little within the range of parameters explored. The experiments further reveal a significant distortion of the cubic unit cell in dried films in the out-of-plane direction (i.e., the "direction of drying"), a fundamental obstacle toward achieving true 3D order in solvent-annealed gyroid films.
These results contribute toward the rational design of SVA protocols for the successful fabrication of large grains of the alternating gyroid morphology in triblock terpolymers, for example for 3D optical metamaterial [5, 6, 54, 55] applications. The robustness of the alternating gyroid morphology with respect to all varied SVA parameters is of great benefit as it ensures that the gyroid morphology is remarkably robust with respect to the SVA protocol. This robustness is likely one of the reasons why gyroid grain sizes of hundreds of micrometers could be generated in ISO terpolymer films of higher molecular weight, although detailed SVA protocols have not been reported. [14] While the gyroid grain sizes achieved in this study were still limited to micrometer range, the protocols explored suggests possible improvements. For example, oscillating the sample between different swelling ranges, or designing a staged deswelling protocol, may provide ways to improve lateral order and limit out-of-plane distortion without sacrificing the morphology spanning the film.
Experimental Section
Polymer Films: The polyisoprene-b-polystyrene-b-poly(ethylene oxide) (ISO) triblock terpolymer with a total molecular weight of 33 kg mol −1 was prepared by anionic polymerization following synthesis procedures reported elsewhere. [56, 57] The block volume fractions of the terpolymer were f PI = 0.31, f PS = 0.52, and f PEO = 0.17. Thin films of the ISO terpolymer were prepared atop silicon substrates which were cleaned by exposure to an oxygen plasma (Diener MRC 100 at 100 W power for 2 min). Thin films were spun from a 10% (w/w) solution of ISO terpolymer in anhydrous anisole (Sigma-Aldrich) for 60 s at 1200 rpm with an acceleration of 500 rpm s −1 . The resulting film thickness was 520-560 nm as determined by thin film interferometry (see below).
PI and PS with number-average molecular weights of 103 kg mol −1 (polydispersity of 1.07) and 103 kg mol −1 (polydispersity of 2.5), respectively, were purchased from Polymer Source. PEO with a number-average molecular weight of 100 kg mol −1 was purchased from Sigma-Aldrich (Merck). Homopolymer films were prepared by spin coating a 10% (w/w) solution of the respective homopolymer in anhydrous anisole (Sigma-Aldrich) onto silicon substrates (cleaned as above) for 60 s at 3200 rpm with an acceleration of 500 rpm s −1 . The resulting film thicknesses were 542 ± 7 nm (PI), 762 ± 12 nm (PS), and 989 ± 6 nm (PEO).
Solvent Vapor Annealing: The samples were exposed to controlled amounts of solvent vapor using a custom-made annealing chamber. The PEEK annealing chamber had sealed Kapton windows on two opposing sides (for transmission of the incident and scattered X-ray beams) and a sealed quartz glass window in the lid (for measurement of the film thickness during annealing). Three gas lines were joined and the mixed gas flowed into and through the chamber, creating a well-defined solvent atmosphere within it: dry nitrogen flowed through one of the three lines, while for the other two the dry nitrogen was bubbled through various solvents. By controlling the volume flow rate in each line with three independently controlled mass flow controllers (MKS Type MF1, flow range 100 sccm, MKS Type 647 multichannel gas flow controller unit), the ratio of solvent-saturated to dry nitrogen (i.e., the "concentration" of the-potentially mixed-solvent vapor) flowing into the chamber was controlled. Custom-built software (written in Python) controlled the flow rates to adjust the desired solvent vapor concentration in the chamber, enabling the implementation of predetermined solvent annealing protocols.
THF and methanol (Sigma-Aldrich) were employed as solvents. Unless otherwise noted, the combined mass flow rate was maintained at 20 sccm throughout the experiments. Upon exiting the chamber, the gas mixture flowed into an exhaust line through a manual mass flow controller which could be adjusted to ensure the maintenance of a sufficiently high solvent vapor pressure in the annealing chamber. The temperature of the sample within the annealing chamber was controlled using a Peltier element mounted on a copper plate, and the solvent reservoirs were immersed in a temperature-controlled water bath (ThermoFisher ARCTIC SC150-A10B Refrigerated Circulator). Unless otherwise noted, the temperature of the solvent was held at ≈23.0 °C, while the temperature of the sample was varied between ≈21.3 and 24.4 °C, depending on the required swelling ratio (a lower sample temperature resulting in greater swelling). The temperature of the solvent was set to a value close to room temperature (≈23.7 °C) to avoid condensation of solvent in the gas lines. The ambient relative humidity was constant at ≈33%.
In an attempt to determine the selectivity of THF and methanol mixture vapors for the respective blocks of ISO terpolymer, the swelling behavior of PS, PI, and PEO homopolymer films was characterized by monitoring their relative thickness increase upon exposure to saturated solvent vapor atmospheres ( Table 3 ). The temperature of the samples was kept at ≈21 °C and the relative humidity was ≈45-60%. PEO did not exhibit any significant swelling regardless of the solvent vapor used, which is probably related to the semicrystalline nature of homopolymer PEO at room temperature. However, the swelling data for PS and PI reveal a selectivity of THF for PI, and an increasing selectivity of the THF and methanol mixtures for PS with increasing methanol content.
Film Thickness Measurements: The thickness of the terpolymer films during solvent vapor annealing was measured interferometrically in situ using an Avantes AvaLight-DH-S-BAL deuterium halogen light source (only the halogen source, with its 500-2500 nm wavelength range, was Small 2018, 1802401 www.small-journal.com employed) and an Avantes AvaSpec 2048L spectrometer (the effective wavelength range measured was 500-1000 nm). Light was coupled through a bifurcated optical fiber (FCR-12UV200/600-2-ME) and focused onto the sample via a collimator (FCR-COL UV/VIS). The thickness was estimated by assuming a refractive index of n = 1.5 for the terpolymer film. The swelling ratio is a dimensionless measure of relative film thickness and is defined as 0 t t ϕ = (1) where t is the swollen thickness and t 0 the initial thickness of the as-spun film (i.e., before application of any solvent). Assuming no in-plane motion of the film during annealing, the swelling ratio is the reciprocal of the volume fraction of polymer in the swollen film.
In Situ Grazing-Incidence Small-Angle X-Ray Scattering: GISAXS measurements were performed in situ during solvent vapor annealing at the cSAXS beamline of the Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland. The X-ray energy was 11.2 keV and the sample-todetector distance was 7232.5 mm, determined by calibration with a silver behenate standard. Scattering patterns were recorded on a PILATUS 2M detector with a 1 s exposure time at incident angles in the α i = 0.14°-0.18° range. To avoid damaging the terpolymer film by X-ray overexposure, the film was laterally translated by 250 µm prior to each measurement (e.g., after the previous measurement and any alignment protocols).
GISAXS Indexing: Indexing of the 2D GISAXS patterns was performed using the GIXSGUI software (version 1.6.4) in Matlab. [58] All GISAXS images were successfully indexed with the reflections of the I4 1 GISAXS In-Plane Analysis: GISAXS scattering patterns were reduced using Nika, [59] a software package for IGOR Pro 6 (WaveMetrics), and the in-plane line integrations were subsequently analyzed using custom software to automatically determine peak locations and widths as a function of the swelling ratio. Peaks Atomic Force Microscopy: Solvent-annealed ISO terpolymer films were imaged using an Asylum Research Cypher AFM (Oxford Instruments) operated in tapping mode using uncoated silicon probes with a cantilever force constant of 85 N m −1 , a resonance frequency of 1600 kHz, and a tip radius of about 7 nm.
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